We describe electric-field poling of fine-pitch ferroelectric domain gratings in lithium tantalate and characterization of nonlinear-optical properties by single-pass quasi-phase-matched second-harmonic generation (QPM SHG). With a 7.5-mm-period grating, the observed effective nonlinear coefficient for first-order QPM SHG of 532-nm radiation is 9 pm͞V, whereas for a grating with a 2.625-mm period, 2.6 pm͞V was observed for second-order QPM SHG of 325-nm radiation. These values are 100% and 55% of the theoretically expected values, respectively. We derive a temperature-dependent Sellmeier equation for lithium tantalate that is valid deeper into the UV than currently available results, based on temperature-tuning experiments at different QPM grating periods combined with refractive-index data in the literature. © 1997 Optical Society of America Single-pass frequency conversion of near-infrared lasers is an attractive approach for the generation of blue and UV coherent radiation. Noncritical phase matching and a high effective nonlinear coefficient d eff are necessary for high conversion efficiency in such applications. Quasi-phase matching 1,2 (QPM) always permits noncritical phase matching and the use of the large diagonal nonlinear coeff icients d 33 , which are inaccessible with birefringent phase matching. Periodically poled ferroelectrics have been widely exploited for QPM interactions, although applications in the visible and the UV have been challenging because of difficulties in the fabrication of the f ine-pitch domain gratings necessitated by the short coherence lengths involved. Lithium tantalate (LiTaO 3 ) is transparent to 280 nm and is therefore more suitable for nonlinearoptical interactions in the mid UV than lithium niobate (LiNbO 3 ), which is transparent to 330 nm.
Single-pass frequency conversion of near-infrared lasers is an attractive approach for the generation of blue and UV coherent radiation. Noncritical phase matching and a high effective nonlinear coefficient d eff are necessary for high conversion efficiency in such applications. Quasi-phase matching 1, 2 (QPM) always permits noncritical phase matching and the use of the large diagonal nonlinear coeff icients d 33 , which are inaccessible with birefringent phase matching. Periodically poled ferroelectrics have been widely exploited for QPM interactions, although applications in the visible and the UV have been challenging because of difficulties in the fabrication of the f ine-pitch domain gratings necessitated by the short coherence lengths involved. Lithium tantalate (LiTaO 3 ) is transparent to 280 nm and is therefore more suitable for nonlinearoptical interactions in the mid UV than lithium niobate (LiNbO 3 ), which is transparent to 330 nm.
Second-harmonic generation (SHG) in the UV to wavelengths as short as 340 nm and domain gratings to periods as short as 1.7 mm have been reported. 3 In this Letter we report SHG down to 325 nm, measurement of the effective nonlinear coefficient, temperature tuning over 7 nm at the second harmonic, and a temperature-dependent Sellmeier equation that is valid into the UV.
The poling process applied here to LiTaO 3 was similar to that described for lithium niobate. 4 Our starting material was commercial 2-in.-(51-mm-) diameter z-cut crystal wafers 5 with thicknesses of 200, 300, or 500 mm in different experiments. Periodic aluminum electrodes were patterned on the c1 face of the LiTaO 3 crystal wafers by a lithographic lift-off process, with the grating k vectors parallel to the crystal y axis. The c1 electrode was covered with electrically insulating photoresist (Shipley 1400-33), except for an outer 1-mm-wide ring. This contact region of the c1 face and the entire c2 face were connected to a high-voltage circuit by a sodium chloride solution acting as a liquid contact. Circular patterns from 3-to 16-mm diameter were poled. The duty cycle was controlled by the amount of charge delivered to the sample. For 50% duty cycle this is the spontaneous polarization, P s 0.65 C͞m 2 . We achieved uniform domain nucleation by using 0.5-1.0-mm thin electrodes and permitting the domains to spread under the insulator. After poling, we etched the crystals in hydrof luoric acid at room temperature for 20 min to reveal the domains. The domain patterns on the c1 and the c2 faces of a 200-mm-thick crystal with a 2.625-mm period are shown in Fig. 1 . The diameter of the poled region is 3 mm, for which a poling current of 1 mA was applied for 6.5 ms. The duty cycle shows some variation, but it is close to 75%, which is the optimum duty cycle for second-order QPM.
Phase-matching wavelength and eff iciency were measured for a number of crystals by single-pass SHG with a TEM 00 -mode pump beam obtained from a Ti:sapphire laser (700-930 nm), a cw dye laser (640-660 nm), or a Nd:YAG laser (1064 nm). The Ti:sapphire and the dye lasers were operated with a birefringent filter and an etalon; wavelengths were measured with a f iber-coupled wavemeter. In all cases nearly confocal focusing was used.
All the periodically poled LiTaO 3 crystals were heated in an oven for tuning to the phase-matching wavelength. The oven temperature was monitored with a platinum resistive temperature device (RTD) element and controlled to within 0.1 ± C. No photorefractive damage was observed at temperatures above 170 ± C. At lower temperatures we observed beam distortion.
For quantitative efficiency measurements, the input and output powers were measured with a calibrated powermeter (Newport Model 835). The fundamental radiation was blocked with Schott f ilter UG 11 or BG 39, depending on the spectral range; we confirmed com- plete blocking by tuning the laser out of the phasematching peak and measuring the residual transmitted power. For wavelength-tuning data, we estimated the peak visually by monitoring the UV output on a f luorescent card.
All efficiency calculations were performed under the assumption of diffraction-limited beam propagation and confocal focusing. Since the crystals were uncoated and wedged, we took into account the Fresnel ref lections at the surfaces to calculate the internal conversion efficiency. For single-longitudinal-mode pump radiation, the effective nonlinear coeff icient is calculated from
where P in is the fundamental power inside the crystal, P out is the corresponding second-harmonic power, l v is the fundamental wavelength, n is the refractive index evaluated at the frequency given in the subscript, l is the crystal length, e 0 is the dielectric constant, and c is the speed of light. The factor h is a dimensionless coeff icient that quantif ies the effect of focusing and birefringence and is of the order of unity near optimal focusing for noncritically phase-matched interactions. 7 The effective nonlinear coefficient for an idealy modulated QPM crystal is d eff ͑2͞pm͒d 33 , with m being the QPM order. Duty-cycle variations and other defects can reduce the effective nonlinear coefficient. 2 The results of the efficiency measurements on representative crystals are summarized in Table 1 .
A recent measurement 8 for d 33 of LiTaO 3 is 13.8 pm͞V at 1064 nm and 15.1 pm͞V at 852 nm. Therefore the crystals used for SHG at 532 and 483 nm with d eff 9 pm͞V have theoretical efficiency within experimental error. We also measured the temperature-tuning bandwidth for SHG of 1064 nm in the 16-mm-long crystal. The FWHM of 1.6 K is again within the experimental uncertainty of the theoretical bandwidth calculated with the temperature-dependent Sellmeier relation given below, indicating that the grating and the refractive index of the substrate are adequately uniform for interactions at least to this length.
The nonlinearity of the crystals used in second-order QPM is a factor of 2 less than the theoretical value of 4.7 pm͞V . The crystal with L 5.5 mm had a duty cycle of ϳ60%, which is more suitable for firstorder QPM. For second-order QPM, a 60% duty cycle leads to an expected reduction of 0.59 in d eff from that obtained for the ideal 75% duty cycle. 2 For the crystal with L 2.625 mm both the absorption at the second-harmonic and the duty-cycle variations are sources for decreased conversion efficiency. The absorption at the second harmonic at 325 nm was estimated by absorption measurement in a thin wafer to be 1.7 cm 21 . According to the model, 9 the output power is decreased by 23% by absorption for this particular sample. With this decrease taken into account, the effective nonlinear coeff icient is d eff 2.6 pm͞V. The calculation after Eq. (1) using the numbers given in Table 1 yields 2.3 pm͞V . The remaining difference from the theoretical value of 4.7 pm͞V can be explained with duty-cycle variations of the order of 0.3 mm.
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In all cases the highest eff iciency was found near the c1 face of the crystal, where the domain uniformity was best. For various positions along the x direction in the crystal, the efficiency varied by a factor of 2; the values given above are repeatable over approximately half the aperture of the crystal.
Accurate refractive-index data are necessary for designing QPM devices with phase matching at a desired temperature, especially in the UV, where both the refractive index and the thermo-optic coeff icient vary rapidly with wavelength. Results were given for a temperature-dependent Sellmeier relation for LiTaO 3 , 10 but this relation, developed with data taken only over the range 450 -4000 nm, is inadequate for predicting our observed phase-matching data, especially at the shorter UV wavelengths.
The most straightforward method of obtaining dispersion data is to fit a Sellmeier relation to refractive indices measured at a number of wavelengths and temperatures, taking care that the wavelength range of the data exceeds that over which an accurate representation is required, since extrapolation of Sellmeier relations is unreliable. As we were not equipped for such temperature-dependent refractive-index measurements in the UV, we adopted a somewhat less direct approach, using a data set consisting of literature values for the room-temperature refractive indices for 21 wavelengths over the range 0.45 -4.0 mm, 11 along with the wavelengths for QPM SHG in the UV for 245 combinations of grating period and temperature. The latter data are shown in Fig. 2 .
The QPM period for phase-matching SHG is related to the refractive indices at the fundamental and the second-harmonic wavelengths by
We took into account the crystal thermal expansion by modifying the grating period according to the thermalexpansion coeff icient given in Ref. 12 : Initially, we attempted to represent the refractiveindex data in a form similar to that previously applied to both LiNbO 3 and LiTaO 3 (Refs. 10, 13, and 14) :
We adjusted the parameters in Eq. (4) by minimizing the quadratic errors, using a Levenberg-Marquard algorithm implemented in a commercial software package. 15 The resulting expression predicted both the phase-matching data and the refractive-index data 11 of the data set with reasonable accuracy, but systematic residuals remained, especially at the deeper UV wavelengths. We thus added a second pole to the Sellmeier relation,
and repeated the fitting procedure. We found that the sum of the quadratic errors was reduced by more than a factor of 2 with the additional pole. No statistically significant improvement in the f it was obtained when the second pole was permitted to be temperature dependent. The parameters of the fit are as follows: With this f it, all the phase-matching data are predicted with an accuracy of better than 0.005 mm in QPM period or 2.5 K in phase-matching temperature. We observed a systematic sample-to-sample variation in the residuals in addition to random error of the order of 0.002 mm in the QPM period. Typically the crystals from one batch of wafers had negative residuals, whereas crystals from a second batch had positive residuals. Since we used different vendors, differences in the crystal-growth procedure, e.g., composition, are likely to change the dispersion only slightly.
In conclusion, we have demonstrated that periodically poled LiTaO 3 can be fabricated for noncritically phase-matched SHG deeper into the UV than is possible in LiNbO 3 or KTiOPO 4 , with an effective nonlinear coeff icient that is competitive with the best available birefringent materials. We have developed a temperature-dependent Sellmeier relation that accurately predicts QPM wavelengths over the tested range 532-325 nm and 20-260 ± C. We plan to focus on optimizing the crystal quality, especially for periods of less than 3 mm for f irst-order UV generation, and on refining the temperature-dependent Sellmeier relation by inclusion of infrared data from optical parametric oscillator tuning behavior. Further research on crystal growth and postgrowth processing is required for improved transparency in the mid UV range.
